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SUMMARY 

An investigation was conducted in  an NACA Lewis a l t i t ude  test 
chamber t o  determine  the  performance  characteristics of a turbine which 
employed a variable-area  stator.  Turbine-stator =,ea was varied from 
86 t o  181 percent of standard area. For each s t a t o r  area and a given * 

-7 
k engine  speed, a range of turbine-inlet  temperatures was obtained  by use u 

t of a variable-area  exhaust  nozzle. 

For the particular  turbine used i n  this investigation,  increasing 
the turbine-stator area from 89 to   181  percent  of standard area in- 
creased the corrected  turbine-gas flow 59 percent. The decrease i n  cor- 
rected  turbine-gas flaw required  in  a turbojet  engine  for  operation  over 
a range of f l i g h t  Mach numbers from 0.9 t o  2.2 i n  $he stratosphere  for 
constant-compressor-point  operation  (conetant aerodynandc or  corrected 
speed) i s  only 32 percent. Over this  range of fl ight operation at con- 
s tant   turbine- inlet  temperature the turbine  efficiency  varied  approxi- 
mately 5 points. The va r i a t ion   i n  turbine efficiency 88 turbine  nozzle 
area was var ied   to  maLntain constant-compressor-point  operation did not 
negate the gains  in  engine  thrust  expected  from  increased mass flow and 
improved compressor  performance. Analysis indicates that a given per- 
centage  vaziation i n  compressor efficiency had a greater   effect  on thrust 
than  an  equal  percentage  variation  in  turbine  efficiency. 

Engine  performance calculations for constant-compressor-point  oper- 
a t ion showed a 13 percent  thrust  increase over those  for  constant- 
rotational-speed  operation at a flight Mach nuiber of 2.2 for  engines 
having  equal take-off thrust. This 13 percent thrust advantage is  mainly 
a result of the increase   in  air flow f o r  the constast-compressor-point 
operation over that of the fixed-rotational-aped  operation. 

I n  addi t ion  to  the performance investigation, a brief investigation 
c of the ef fec t  of ,the variable-area  turbine  stator on acceleration charac- 

t e r i s t i c s  was also conducted. Increasing the turbine-stator area from 
86 t o  134 percent of standard area approxinaately t r i p l e d  the maxim 

stal l  was limiting the acceleration.. 
+ acceleration of the partlcular  engine  investigated when only compressor 
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INTBODUCTION 

The.increasing  engine-inlet  temperatures  accoqanying  flight  into 
higher supersonic  speeds  reduce the corrected compressor ro ta t iona l  
speed of the conventional  turbojet  engine and thereby  reduce the cor- 
rected  engine air flow, p res su re ra t io ,  and Wqt. This  reduction  In 
engine  performance; in  the  high-flight-speed  region,  greatly  reduces 
the top speed poten t ia l  of supersonic  slrplanes. However, analyses 
such as that of reference 1 -  have-.sh& t6at-t6%".$iniitali?ori of the 
conventional  turbojet  engine.  cm. be largely overco&  by the increafled 
operational  flexibility  provided by an adjustable-area  turbine  stator. 
One w a y  these performance gains can be real ized is by using a variable- 
area  turbine  stator,   variable engine  speed, variable-area  exhaust 
nozzle t o  keep the c q r e s s o r  operating  at  i t s  aerodynamic design 
point  regardless of the ffight speed or altituhP .of- operation. With 
constant-compressor-point  operation, the coFFeEted engine  speed,  cor- 
rected air f l a w , ,  coropfessor pressure  ratio, and actual  turbine-inlet . 
temperature me held constant. . - . . . - . . . . 

_I " 

4 
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Additional. work i n  t h i s  f i e l d  (ref: 2) -w- igcluded..an experimental M 

investigation of a two-stage  turbine emplaying adjustment of 'the first; 
stage s ta tor .  This turbine  s ta tor  pruvided a var iat ion  in   turbine-  
i n l e t  gas flow of about 10 percent, which, however, wa8 not  adequate t o  
maintain  constant-compressor-point  operation over the wide range of 
flight conditions  presently of in te res t .  An analytical  study (ref. 3) 
has shown that turbine  design will have cons iderd le   e f fec t  on the 
ab i l i t y  of a variable-s ta tor   turbine  to  E e t  the requirements for 
constant-compressor-point  operation  wttbout  exceeding  operating  tempera- 
ture limits or encountering  limiting  turbine  loading. In addition t o  
the foregoing  operational  requirements and turbine  design  considerations, 
a discussion of the aerodynamic..-design consider&ions for  a variable 
turbine  stator.  can  be found in  reference 4. .. 

- - 

. " . -  

. .  
" 

With the aforementioned ba.ckground._of ,-an_alytfcal and t e s t   r i g   d a t a  
fo r  guidance, the turbine  -stator of a current  production  turbojet 
engine was made adjustable  to  determine. (1) whether a single-stage tur- 
bine,could  operate over the  required  range of effective  nozzle  area for 
supersonic  flight, ...an d (2) the losses i n  turbine  efficiency  reeulting 
from varying the turbine-nozzle -area. These-;hta were use& t o  compute 
an example of engine -performance with constant-campressor-point  op&at%on 
a t  flight Mach numbers up t o  2.2. The constant-compressor-point  opera- 
t ion  w a ~  then compared with  fixed-rotational-speed  opera€ion. The 
r e su l t s  of this analyt ical  comparison together  with  the  supporting 
experimntal  data are  presented  herein. 

. . ". 

. ". 

. .. 

. . .  

. 
The tu rb ine  used I n  t h i s  investigation w m  a single-stage tu rb ine  

which had a relatively  high  blade  loading. It w a s  designed  by  the 
- - .  
" 

* 
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free-vortex method and is, i n  a general way, representative of present- 
day turbines. However, as indicated  in  reference.  3, the design of a 
turbine  for  constant-compressor-point  operation  requires that the high- 
flight-speed design  polnt be somewhat  compromised i n  order that the 
blade-loading limit w i l l  not be exceeded awing  off-design  operation. 
Because this  compromise has noqbeen made in the turbine tested, the 
results  obtained with this  turbine may be  considered  conservative 88 
compared with an optimum turbine design. f o r  an engine operating at a 
constant compressor point. 

b 

'W In addi t ion  to  the possible  advantages of a variable-area  turbine 
nozzle for  supersonic f l igh t ,  there is, as discussed  in  reference 1, 
the poss ib i l i ty  of improving the acceleration  characterist ics of a 
turbojet  engine  by employing adjustable  turbine  stators.  Therefore,  the 
acceleration  characterist ics for the parrticular  engine  configuration 
used i n  the investigation  reported  herein were determined f o r  several  
turbine-stator are- and engine  speeds. 

AppARATug . 

Engine  and Ins t a l l a t ion  

The current  production-model  axial-flow  turbojet  engine used i n  
t h i s  investigation has a 12-stage compressor, eight  can-type  conbustors, 
and a single-stage  turbine. A schematic  sketch of the  engine showing 
instrunentation  stations i s  presented  in   f igure 1. Remtely  actuated 
tabs were used to   ad jus t  the effect ive area of the exhaust nozzle. 
During the  acceleration phase of the investigation, an exhaust  nozzle 
having an area equal  to  approximately 130 percent of the turbine-exit 
area was used. 

The engine was i n s t a l l e d  i n  an a l t i t ude  test chaniber 10 feet i n  
diameter and 60 feet i n  length. A f ront  bulkhead, which incorporated 
a labyrinth seal around the forward end of the engine, separated the 
i n l e t  and exhaust  sections of the c h d e r .  A rear bulkhead was  ins ta l led  
t o  act 88 a radiat ion shield and t o  prevent  recirculation of the hot 
exhaust gases  about the engine. 

Turbine and Variable-Area Turbine Stator  

The single-stage turbine was of free-vortex  design with a hub-tip 
r a t i o  of 0.7833 and at the design  point had a corrected  t ip  speed of 

of about 81 percent. 
c 603 feet per second, a pressure ratio of 2.65, and a turbine  efficiency 
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A sketch of the turbine  s ta tor  used in   this   invest igat ion i s  shown 
in f igure 2. The stator   blades and shroude were production  parts. Pine 
were welded into  both- ends .of the  blades and the shrouds were d r i l l ed  -. 

for the pins. The actuating  ring was located  axially by means of t- 
aft-frame flange and was rotated about the engine  center  line by means 
of screw-jack  actuators. Welded t o  each blade outer  pin w a s  an arm 
and bal l  which f i t t ed  in to  a s l d t  i n  the actuating  ring. When the 
actuating  r ing waa rotated,  the motion w a ~  transmitted t a  the stator 
blades,  causing  each  blade t o  rotate about i t s  axis and change the flaw 
area. The s t a to r  was designed t o  have a t o t a l  chord  angle variation of 
2Z0, but  because of the short  actuating arms and the peening of the 
brass  r ing by the   s tee l   ba l l s ,   there  was a hysteresis,   or  lost  motion, 
of approximately 5 O  i n  the indicated  chord  angle. The s ta tor-blade  t ip  
clearance was about -3.5 percent of the blade hefght . 

. i  

a 
d 
M 
M 

Instrumntat ion 

The locations of t h e   i n s t r m u t a t i o n   s t a t i o n s  at the inlet and 
out le t  of each  engine component are  indicated  in  the  sketch o-he 
engine (fig.  1). The 24 total-pressure  tubes at s ta t ion  1 were located 
at the centers oF24 equal areas, and the 18 total-pressure  tubes at 
s ta t ion  9 w e r e  located 3 on each of .6..egual areas.. The thermocouples 
a t  s ta t ions 1, 3, 4, and 6 and the total-pressure %ubes. at stat ions 3, 
4, and 5 were located on approximately equal spacings.. The a l t i tude  
pressure  surrounding the je t  nozzle was measured by four l i p   s t a t i c  
probes  located i n  the exhaust  portion of the chamber. The air flow 
through the engine WEIS measured at s ta t ion  1, the engine i n l e t ,  and such 
air flow w a a  corrected  for any leakages ex i s t ing   i n  the compressor. 
Steady-state  fuel flow wa$ measured by means of calibrated  rotamsters. 

" 

L 

During the  t ransient  phase of the investigation,  eight  channels af 
a st r ip   recorder  were used t o  record  tail-pipe  total  temperature, tail- 
pipe  total  pressure,  engtne speed, engine-inlet  total  pressure,  engine- 
i n l e t  dynamic pressure,  compressor-autlet total pressure,  altitude ex- 
haust  pressure, and fuel flow. The signa1.f.w  each  pressure w a s  obtained 
from a  strain-gage-type pressure transducer  connected t a  a single probe 
and correlated  with the other  probes at that station  during  steady-state 
operation. Tail-pipe temperature was  masured by manS of a thermo- 
couple which w a s  electronlcally compensated f o r  time lag and w88 corre- 
lated with the  temperature measured at survey s ta t ion  9 during steady- 
state  operation. Engine speed  signal w m  obtained.Srom an engine  driven 
generator and the. fuel plow signal, f rom a - turbine-type - . . . . - . . . mass-flow meter. 

.. - 

5 

PROCEDURE 

For the steady-state data, engine-inlet  ram-pressure r a t i o  was 
maintained at a value which gave c r i t i c a l  flaw through  the  exhaust 
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nozzle. Facility  limitations  prevented  simulation of the ac tua l   in le t  
temperatures  associated with hfgh flight Mach n&er operation. Inas- 
much aa this was true,  the  engine-inlet-air  temperature was held con- 
stant  at approximately 410’ R f o r  all data. The low engfne-inlet-air 
temperature also  allowed the turbine-inlet  temperature  to be maintained 

‘a t  a minimum and thus  prolonged the l i fe  of the turbine  s ta tor .  I n  
order t o  simulate engine  operation at constant  turbine-inlet  teqperature, 
each  condition of simulated  f l ight Mach rider required a di f fe ren t  

operating  condition was  obtained  for  each flight condition, the data 
were obtainea  by  selecting  several  turbine-stator settings, and for 
each setting the  exhaust-nozzle area was varied so as t o  cover a range 
of turbine-inlet  temperatures at each,&  several  engine  speeds. !Phis 
procedure i n  data taking permitted  cross-plotting of the performance 
results i n  order to   obtain the desired operating  condition of the engine 
for the  range of flight conditions  considered. 

w 
P m 

w actual  turbine-inlet  temperature. To ensure that the correct  engine 

The accelerat ion  character is t ics  of the engine with a fixed-area 
exhaust  nozzle (130 percent  of  turbine-outlet area) were determined f o r  

each s t a t o r  area and over a range of engine  speeds, the engine w a s  
subjected  to   s tep changes i n   f u e l  flow of increasing magnitude u n t i l  
e i ther  compressor s ta l l  or maximum allowable exhaust-gas  temperature 
was encountered. 

cl a range of turbine-stator areas at a fUght Mach zluniber of 0.4. At 

A llst of the synibols used i n   t h f s   r e p o r t  appears i n  appendix A. 
Appendix B contains a detailed discussion of the lnethods of calculations. 

RESULTS AND DISCUSSION 

Turbine  Performance 

Turbine  equivalent  weight flow. - The e f f ec t  of turbine-stator area 
on corrected  turbine-gas flow is presented i n  figure 3 (a> for a range 
of corrected  turbine  speeds. For a e v e n  turblne-stator area, the 
maximum corrected turbine  speed that could be obtained in  the  engine 
configuration  investigated w a ~  limited by the maximum exhaust-nozzle - 

area or   tu rb ine   l id t ing   loading   ( re f .  3) , while the minimum corrected 
turbine  speed was  limited by  compressor surge o r  Umfting  exhaust-gas 
temperature. These limits converged 86 the turbine-stator area w a s  
increased. The stator was choked over the entire  range  investigated, 
so that f o r  any given  s ta tor   set t ing the corrected  gas flow was constant. 
The greater   per t  of the sca t t e r  in the data presented on th i s  f igure  

area, as previously  discussed. 
I is a t t r i bu ted   t o  the d i f f i c u l t y   i n  setting or holding a des i red   s ta tor  
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Ad shown in  f igure  3(a),   turbine speed had no ef fec t  on corrected 
turbine-gas flow; therefore  the  corrected  turbine-gas fluw may be 
presented as a function o f  turbine-stator area. o l l l y  ( f ig .  3(b)) In- 

* .. 
.. . 

creasing the turbine-stator  area- frog 89 $0 101 percent 5 standard area 
r e su l t ed   i n  a 59 percent  increase in   . cor rec ted  g-as .f lm. . The decreas- 
ing  slope of the  curpe with increasing stator are-a i s  an indication of 
decreasing flow coeTficient . The car5e:cted~ tii&&K--gG R o w  that could 
be  expected i f  the  flow  coefficient were c o F t a n t  i s  represented  by the 
dashed l ine.  

- -. . .. _ _  
. -. - 

" 

. .  

" 

9 
Turbine  performance maps. - Turbine  performance maps obtained  for 

three stator settings are presented  fn  figure"4. -For the range of data 
I r j  
M 

presented  in  each map,. correc.ted.-gas  flow is constafit  (fig. 3) . These 
~~ . . 

. .. - 

maps represent  actual data taken  from  the  engine and therefore have  been 
corrected  for  variable  specific  heats .. For: .@ given  .cor'r;ected  turbine 
speed, an  -increase i n  the turbine-nozzle  aF@&-prwided an fncrease  in  
air flow but a decrease in   tu rb ine  work and turbine  presijure  ratio 
(comparison of f ig s .  4(a) , (b) , and (c) 1. The var ia t ion   in   tu rb ine  
eff ic iency  level  between turbine performance maps i s  primarily a r e su l t  
of the  var ia t ion  in   turbine- inlet  Mach number and  angle of incidence 88 
the stator vanes are r o t a t e d   t o  change the st&tbi-&rea..  Therefore, the  
turbine  efficiency  trends with..increasing nozzle area cannot be gener-. 
a l l y  defined u n t i l  a p a r t i c u l a r  mode of operation (which defines  pressure 
r a t io ,  speed, and area) has been  selected. An i l l u s t r a t i v e  example x& 
computed t o  compare perfarmance of the  constant-campressor-point and 
constant-rotational-speed modes of operation -&nd so t o  determine  the 
amount w h i c h  t k b i n e   e f f k i e n c y  would vary i f  the  variable-area turbine 
were used i n  an  engine. des-i@;ned--for constant-compresaor-pint  operation 
and whether ar not  these changes i n  e f f i d i G i ~ - w X L d  negate the engine 
performance gains t o  be expected from constant-compressor-point  operation. 
On the basis of the  resul ts  of this an-sis, turbine  eff ic iency  for   the 
constant-compressor-point mode of operation will be  discusaed i n  one of 
the  subsequent  sections of this report. 

Constant-Compressor-Point.  Operation 
-. 

Computed example of comtant-compressor-point operation. - If 
constant-compressor-point  operation i s  t o  be maintained 88 the f l igh t  
speed i s  inc&ased, the act&  rotational .speed of the  engine must be 
increased in proport ion  to  thq s q w e  root. of the  engine-inlet- 
temperature increase.  Increaslng the actual rotationai-engine speed 
requires  that   the  turbine-stator  effective flow area be'decreased i n  
proportion t o   t h e  square  root of the reciprocal of the increase  in  
engine-inlet  temperature. I n  addition, applying tihe turbine  to  constant-  - 
compressor-point  operation  requires thct the  turbine and compressor be 
matched fo r  work .and air flow at the selected . " design . point on the 

. .  .. - 
. . . . - . . 

- . .  .. 
.- i- - 
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compressor map. The matching of these components must also preclude 
exceeding  turbine  Limiting loading at high-flight-speed  conditions. 
The air flow can be matched by adjusting the r e l a t ive  s i z e  of the com- 
pressor with respect t o  the  turbine.   In the analysis,   both  size and 
stress limitations have  been ignored. 

The compressor character is t ics  employea were those  obtained  experi- 
mentally from the engine  used t o  determine  the  variable-area  turbine 
performance. In  order that the matching  requirements  previously dis- 
cussed would be satisfied, the compressor operating  point was selected 
a t  a corrected compressor speed of 75 percent of ra ted  speed, cortrpressor 
pressure r a t i o  of 3.3, and  compressor efficiency of approximately 0.785. 

Although the  pressure  ra t io  is low compared wlth those of common 
practice, it i s  believed that the t rends  in   turbine and  engine  perfor- 
mance shown by the performance af englnes w i t h  this p re s su re   r a t io   fo r  

I constant-rotational-speed and  constant-compressor-point  operation will 
be sFmFlar t o  the trends  for  engines  with  higher  pressure  ratios.  

- When the compressor operating  point has been selected and the 
experimental  relation between f l igh t  Mach nuniber snd  turbine-stator area 
is known, the turbine  operating  l ine may be  determined. The turbine 
performance is presented  in  figure 5 as a function of both  turbine- 
s t a to r  area and f l i g h t  Mach nuniber. As turbine-stator area w a s  increased, 
turbine  efficiency  increased  until  approximately  standard area w a s  
reached, and then  decreased.  Incidence  angle  and  rotor-inlet  relative \ 

Mach  number at the r e a n  section  generally decreased as s t a to r  area was 
increased. The decrease in   turbine  eff ic iency a8 the s t a t o r  area w a s  
increased above standard area was caused by the rapid decrease i n  blade 
incidence angle t o  negative  yalues. The decrease in   e f f i c i ency  at the 
closed  s ta tor   set t ings is a r e su l t  of the increase in   ro to r - in l e t  Mach 
nmiber above values of approximately 0.8. As indicated  in   reference 3, 
a rotor- inlet  Mach nuniber of about 0.8 is a limit f o r  good turbine 
efficiency. 

Figure 6 indicates the  thrus t  gains computed for  constant-  
compressor-point  operation as compared w i t h  fixed-rotational-speed 
operation. The conqressor had an efficiency at design  polnt  for  .constant- 
compressor-point  operation of 0.785 and an eff ic iency  vasiat ion of 0.10 
fo r  the corrected  speed range covered i n  the fixed-rotational-speed 
operation. The turbine  efficiency f o r  constant-compressor-point  oper- 
ation  varied from 0.72 t o  0.78, while the turbine  efficiency f o r  flxed- 
rotational-speed w a s  essentially  constant at 0.77. The intersect ion 
of the  corrected w e i g h t  flow and compressor efficiency  curves which 

design  point for constant-compressor-point  operation  corresponds to the 
fixed-rotational-speed  operation. B e i n g  matched at the a l t i t ude  flight 

sea-level  take-off  conditions. 

- occurs at a f l i g h t  Mach n@er of 1-27   in  the stratosphere is where the 

S I  condition, the two modes of operation will also be matched at standard 
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Below a f l i g h t  Mach n&er of 1.27 in   the  s t ra tosphere  the  thrusts  
for . the two  modes af operation were approximately  equal for  the part ic-  
ular engine  configuration. . However, .at a fii&% .kc% nufiber of 2.2, a 
13 percent  increase ig, thrust .was obta+ed for constant-compressor- 
point  operation. A t  the lap f l i g h t  speeds the $%jiuEt% f& the two modes 
of operation were approximately  .equal  because.  the  effect of the g d n  i n  
air flow and loss i n  compressor efficiency on thrus t   for   f ixed-  
rotational-speed.operation is  equal   to   the   e f fec t  of the loss i n  turbine 
efficiency  for  constant-compressor-point  operation. A t  the high flight 
speeds,  the  thrust  advantage of the  constant-compressor-point  operation 
r e su l t s  from the  severe fw-off, i n  air floy f a r  fixed-rotational-ageed 
operation.  Therefore,  computations have been"%.de -&sd%g  -v&iat iona 

* i n  these ef f ic ienc iea   in   o rder   to  generalize.the-performance trende for 
the particular  compressor-turbine  co&ination and t o  det&nrine the 
sens i t iv i ty  of the performance.  with  constant-compressor-point  operation 
t o  various levels  of compressor and turbine  efficiency. 

00 

3 
. .. 

c 

Effect of turbine  efficiepcx on constant-coqressor-point engine 
Performance. - As an i l l u s t r a t i o n  of the ef fec t  of turbine  efficiency 
on constant-compressor-point  engine  performance,  .curves of thrus t  P 

coefficient are presented  in  figyme 7 f o r  turbjne  eff ic iencies  of 0.77 
and 0.87 and. constant. compressor efficiency of 0.785. These curves 
indicate that the 10 point  increase i n  tu rb inee f f i c i ency   r e su l t ed   i n  
an increase  in  thrust. 0;e about. 3. . to  5 percent for  f l i g h t  Mach nunibera 
from 0.9 t o  2.2. 

. -  

. . .. 

. -- .. . "_ .. . ~ . . .  . . ." 

Effect-of  compressor efficiency ,on constant-compressor-point  engine 
erformance. - As a f-urther  study of the ef fec t  of component efficiency 

En this type of operation, an analysis was d e -  of t h e  engine  perfor- 
mance with compressor eff ic iencies  of 0.785 and 0.885 and constant 
turbine  efficiency of 0.77. The re su l t s  of t h i s  analysis are also 
presented  in figure 7 an.d.indicate that the 10 point  increase  resulted 
i n  about a 5 t o  7 percent increase i n  thrust ,  the iarger   effect  being 
at the high f l i g h t  speed. The ef fec t  af conq?ressor efficiency on engine 
performance i s  greater  -because  the  effect  of 1o;sses in   the  compressor 
i s  compounded by a reduction i n  allowable  energy to be .&idea I n  the 
coDibustor (temperature  limit) and an increase  in  work requJ3'ed by the 
turbine, while a reduction  in  turbine  efficiency results only i n  an 
increase  in  pressure energy  taken from the  gases by the  turbine. 

Engine Acceleration  Characteristics 

The acceleration  characterist ics  for tihe particular  engine  inves- 
t igated w e r e  determined  over a range of corrected  engine  speeds and 
turbine-stator  areas  for a f l i g h t  Mach nuniber. o f . 0 . 4  and a fixed-area 
exhaust nozzle (130 percent of turbine-outlet area). Figure 8 is a 

.. . .  .. 

" 
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typical  curve showing the corrected  acceleration as a function of 
turbine-stator area f o r  a corrected  engine  speed of 50 percent of rated 
speed.  Anypoint under the compressor s ta l l  limit is an at ta inable  
condition, w i t h  the maximum acceleration  being  the compressor stall  
limFt unless some limiting  gas  temperature I s  reached. A t  a given 
engine  speed,  increasing the s t a to r  area increases the maximum accel- 
eration;  but if a temperaeure limit is encountered  before compressor 
stall, increasing the stator area will decrease  the  acceleration. 

- 

w w 
P The maximum acceleration is shown as a function of corrected  engine 
0) speed i n  figure 9, where the data axe cross   plot ted  for  four turbfne- 

s t a to r  areas.' The acceleration .is lilnited by the i n i t i a t i o n  of com- 
pressor  surge or stall. A s  pointed  out i n  reference I, increasing the 
turbine-stator area increased the surge -gin by reducing the cm-  
pressor   pressure  ra t io  and permitted the addition of more fuel t o  the 
collibustors, thus  providing faster acceleration. When only the accel- 
erat ion and  not the transient  temperature limit was considered,  increas- 
ing the   s ta tor  area from 86 t o  134 percent  approximately  tripled the 
maximum acceleration over the range of corrected  speeds  investigated. 
As turbine-stator area o r  carrected.engine  speed is increased,  limiting 
transient  exhaust-gas  temperature may be reached  before compressor 
surge,  thus  preventing maximum acceleration from being  realized. The 
m a x i m u m  accelerat ion  for  a particular  turbine-stator  mea is  typ ica l  
for a conventional  turbojet engine i n  that as speed is  increased, 
m a x i m u m  acceleration  increases and occurs at higher  exhaust-gas 
temperatures. 

'I 

4v 

& 

CONCLUDING REMARKS 

For the particular  turbine  used i n  this  investigation,  increasing 
the turbine-stator area From 89 t o  181 percent of standard area in-  
creased the corrected  turbine-gas flaw 59 percent. The va r i a t ions   i n  
turbine-stator &ea and corrected  turbine-gas  flow  required  for a 
range of f l igh t  Mach n-ers from 0.9 t o  2.2 i n  the  stratosphere  for 
constant-compressor-point  operation were only 48 and 32 percent, 
respectively. Over this range of flight operatfon at constant  turbine- 
inlet  temperature, the turbine  efficiency  varied  approximately 5 points. 

A sample  computation using experimental component performance maps, 
but  ignoring any s i z e  or stress limitations,  showed no thrust  increase 
at low f l i g h t  Mach nunibers and a 13 percent  increase i n  th rus t  for 
constant-compressor-point  operation over fixed-rotational-speed  opera- 
t ion  at a f l i g h t  Ma& n&er  of 2.2 i n  the stratosphere when the two 

percent  increase  in  thrust at the h igh   f l igh t  Mach  number i s  mainly a 
r e s u l t  of the  higher air flow for the  constant-compressor-point  operation. 

- engines were s ized  for   equal   thrust  at take-off  conditions. The 13 

w 
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The var ia t ion i n  turbine  efficiency 88 turbine  nozzle area wa6 
varied  to  maintain  constant-compressor-point  operation did not  negate tlie 
gains i n  engine  thrust  expected from increased mass flow and improved 
compressor  performance. Compressor efficiency haa a greater  effect  on 
thrust  th8n an equal  variation  in  turbine  efficiency. An analysis 
indicates   that  a 10 percent  variation  in  turbine  efficiency  resulted  in 
about a 3 t o  5 percent  variation  In thrust, while a 10 percent  variation 
i n  compressor efficfency resulted i n  a 5 t o  7 percent increase  in   thruet  
over t h e   f l i g h t  speed range  investigated. 

. .- 
. = -  

- - "_ 
43 
4 
M 
M Increasing  the  turbine-stator area from 86 t o  134 percent of 

standard area t r ip led   the  maxim acceleration of the  par t icular  engine 
investigated as limited by compressor stall. Emever, ae the engine 
speed is  increased  the maximum a c c e l e r a t i ~ n  occurs at hlgher exhaust- 
gas temperatures, so tha t  a temperature  limitation may ree t r ic t   the  
allowable  acceleration. 

- 

Lewis Flight  Propulsion  Laboratory 
National  Advismy Committee for Aeronautics 

Clevehnd, Ohio, July 28, 1954. 
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APPENDIX A 

SYMBOLS 

The following symbols are used i n   t h i s   r e p o r t :  

A area, sq f t  
w w 
Q, 
P CT thrust   coefficient 

% velocFty  coefficient 

c specific  heat at constant  pressure,  Btu/(lb}(%j 

F thrust, lb  

g acceleration due to gravity, 32.2 f t /sec 

h enthalpy of gas, Btu/lb 

M Mach nunher 

P 

.. 2 

3 
P 
cd 

cu 

6 N engine  speed, rpm 

P total   pressure,  lb/sq f t  

p s t a t i c   p re s swe ,  ~ b / s q  f t  

R gas constant, 53.4 f t - lb/( lb)(%) 

T t o t a l  temperature, '?R 

v velocity, ft /sec 

W, a i r  flaw, lb/sec 

Wf fuel flow, lb/hr 

ai turbine rotor inlet  incidence  angle, deg 

y r a t i o  of specific  heat  for  gases 

8 pressure  correction  factor, P (total pressure divided by WlCA 
c standard sea-level pressure 

q ef f i c  iency 
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8 temperature  correction  factor, yT/(1.4)(519) (product of y and 
total   temperatme  divided by product af y and temperature for  
air at NACA standwd sea-level .conditions) ."" " . . . 

w- 

". . - " 

p density,  slugs/cu ft . .  - .  - .. - 

Subscripts : 

C 

e 

65 

t 

0 

1 

3 

4 

5 

6 

compressor 

engine 

Q* .. - 

turbine 

1 -  

free-stream conditions 

engine  or compressor inlet 

cogpressor  outlet 

. .  

- a  
rl 
K) 
K) 

i - 

turbine  outlet  

exhaust-nozzle inlet 
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APPENDIX B 

M?ECBODS OF C A L C W I O N  

Flight Mach  number and airspeed. - Flight  Mach nufiber and velocity 
w e r e  calculated  from free-stream conditions. 

MO' 

and 

Weight flow. - Air flow was determined from pressures and tempera- 
tures lneasured at the engine i n l e t  by  the  equation 

Turbine-inlet  weight flow w a s  calculated  taking into account 
compressor-air-flow  leakage and engine  fuel flow. 

Coqressor  efficiency. - The campressor adidatic efficiency i s  
defined as rc-l 

YC 
- 

(P3/Pl) - 1  '1, = 
T3 "-1 
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Turbine  efficiency. - The turbine adiabatic efficiency is  defined 
as 

Incidence angle and exit Mach nuhe r .  - The t u r b i n e - r o b - i n l e t  
incidence angle an& rotor- inlet  Mach  nuniber were determined by the mthod 
described i n  refezrence 5. 

Thrust. - The net thrust for the turbajet  engtne wlth a convergent- 
divergent exhaust nozzle is 

where V, is the effective  velocity of the jet  at the  exhaust-nozzle 

Calculation  procedure  for  engine performance. - For fixed-rotational- 
speed operation, each  fUght Mach n&er will have a carresponding car- 
rected  engine speed. A t  each corrected engine speed values of carrected 
air flow, compressar pressure ra t io ,  and compressor efficiency may be 
obtained Prom the compressor characterist ica,  Assuming a constant tur- 
bine  efficiency and se t t i ng  a value f o r  turbine-inlet  temperature allow 
calculation af the turbine pressure ratio and turbine-outlet  temperature. 

rt 
3 

ana 
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where 

The engine-inlet  diffusion  pressure loss was obtained  fromthe 
following curve : 

c 

15 

* 

Flight Mach umber, % 

The exhaust-nozzle  pressure  ratio may be  determined  by assuming 
a combustor pressure loss of 0.96 and a tai l-pipe  pressure loss of 0.96. 

'6/P0 = ('O/PO) ('1/'0) ('3/'l) ('4/'3) ('5/'4) ('&g) 

With the  exhaust-nozzle  pressure  ratio,  gas flow, and temperature, 
the thrust parameter of the  engine may be calculated  (engine fuel flow 
assunaed equal   to  compressor leakage air flow). 

where A, is the frontal area of the compressor. 

For  constant-compressor-point  operation, the calculation  procedure 
is ident ica l  t o  the  preceding  discussion  except  that  the  corrected 
engine  speed,  corrected air flow, compressor pressure  ratio,  and com- 
pressor  efficiency are held  constant and turbine  efficiency is allarea 
t o  vary. 

L 
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Figure 2. - Sketch O f  variable-ares turbine stator sbovlag blade actuatFng mechanism. 
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(a) Variation with  tu rb ine  speed. 

Figure 3, - Effect o f  tw-bine-stator area on corrected 
t u r b i  ne-gas ~ Y Q T ~ .  
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(b)  Average var ia t lon xith area. -. 
Figure 3. - Concluded. Effect of turbine-stator =ea on..corrected  turbine- 

gaa f l o w .  
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(a) Turbinestator area 4, 89 percent of standard area. Corrected 
turbinegas flow, Wg,4 -&/B4 (y&.4), 38 pounds per second. 

Figure 4. - ‘J?grbine performance map. 
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(b) Tmhine-stator area A,, 110 percent of standard area. Corrected 
turbine-gas flow, Wg,4 6 / 5 4  (~~11.4) 45 pounds per secand. 

Figure 4 .  - Continued.  Turbine performance map. 
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I C )  Turbine-stator area 149 percent of standard area. Corrected %- turblUe-ss flow, Wg,4 4/64 (r& .c) , 55.5 pow& per seconct . 
Figure 4 ,  - Concluded. Turbine perfomnce map. 
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Figure 5. - Turbine  performance along operating Line f o r  constant- * 
compressor-point  operation. . . . . . . . . - . . - . .. - . . . . . . - 
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Figure 6. - Comparison of thrust for fixed-rotational-speed  and 
constant-compressor-point  operatlon. 
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Figure 7: - Effect of  compressor and turbine  eff ic iency on thrust   for  constant-  
compressor-point  operation. 

l”urbine-atator area, percent of standard &ea . .  

Figure 8. - Effect of turbine-stator area on engine  acceleration  character- 
ist ics.   Corrected  engine speed, 50 percent of rated speed. 
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Figure 9.' - Effect of engine  speed and turbine-stator area on maximum 
engine  acceleration. 
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